For building a sustainable city, it is essential to understand the energy use behaviour of households. In this paper, I analyse the relationship between a household's electricity, gas, and gasoline consumption, using data from the National Survey of Family Income and Expenditure of Japan. Then considering household characteristics, price, income and population density, elasticities of these energy demands are estimated using regression analysis. As a result, the following three major conclusions are obtained: (1) correlation among households' electricity, gas, and gasoline consumption are low, (2) price and income elasticities are differentiated by an equivalent income level, and (3) with regards to population density, elasticity of gasoline is negative but those of electricity and gas are positive.
Introduction
To build sustainable cities, it is essential to understand the energy use behaviour of households. In Japan, in contrast to the industrial sector, CO 2 emissions from households have increased by about 15% between 1990 and 2011. In terms of emissions by fuel source, the total share of electricity, gas, and gasoline is about 85% (Figure 1 ).
As a means to reduce CO 2 emissions, there are carbon and environmental taxes. To discuss equity and the efficiency of taxation, price and income elasticity are useful measures. In addition, population density is a well-known factor in explaining gasoline usage (Newman and Kenworthy [2] ).
Studies on the elasticities of consumption of these energy sources have been carried out in EU countries, the US, and other countries. Some studies carried out a review of such studies using individual data accumulated abroad. However, in Japan, there have not been many such works. I summarize the values of elasticity obtained in previous studies in Table 1 . In both domestic and foreign studies, while a relatively large number of studies are dedicated to gasoline and electricity, studies on gas usage are limited. Furthermore, most studies in Japan are based on aggregate data. Differences in types of households and/or region are not considered. Therefore, it is not easy to discuss equity issues as aggregation bias may have occurred in the estimation.
In addition, through budget and time constraints, there may be a correlation between the usages of these energy sources. The households that use electricity and gas more may use lesser gasoline. However, a few papers have analysed the correlation between the consumption of these energy sources. If there is correlation, estimated elasticities may have biases.
Based on these issues, and using data from more than 87 thousand households from the National Survey of Family Income and Expenditure of the Ministry of Internal Affairs and Communications, this study analyses (1) correlation between electricity, gas, and gasoline usage. Then taking these relationships into account, (2) price, income and population density elasticities, with regard to these energy sources, are estimated using regression equations, controlling household (HH) characteristics such as HH size, age of HH head, housing type, floor space, region dummy, etc. 2 Methodology
Correlation among households' electricity, gas and gasoline consumption
Using basic rate and unit price of 8 regions (electricity)/47 prefectures (gas and gasoline), I obtained figures on electricity, gas, and gasoline consumption from household expenditure data (Table 2) . Then, I calculated correlation coefficients among the consumption of these sources of energy. Alternate forms of consumption, such as consumption divided by household size and income, are also used for analysing correlation. 
In this study, I estimate the equations with and without this coefficient constraint to show the range of the value of elasticity.
In addition, for model specification, the additive model is estimated first. After checking the relationship, the linear regression equation is created. I estimated an expression that minimizes AIC (Akaike information criterion) through selection of variables, and I considered random and fixed effects of 10 regions that are divided by local power companies.
Finally, I estimate two models with and without the number of cars to check for gasoline consumption. If I include this variable, the estimated parameters show a short-term value, as we assume no replacement of the vehicle. On the other hand, if I exclude this variable, the estimated parameters are interpreted as long-term values, including the possibility of replacement.
Data
I used the data from the National Survey of Family Income and Expenditure in Japan. This survey is carried out every five years. One of the features of this survey is the large sample size. The limitation of this data is survey dates (occur only between September and November). Therefore, we cannot analyse seasonal (and monthly or hourly) variations.
In this study, I used data from 1994, 1999, and 2004. Cleaning the data of blank values in HH attributes and expenditure less than the basic rate, 87,505 observations of household data are used for the analysis. Number of samples by HH, housing, and region are shown in Table 3 . I show the basic statistics of the explanatory variables and energy consumption in Table 4 . 
Results

Correlation among household electricity, gas, and gasoline consumption
Correlation coefficients are shown in Table 5 . I also show the scatter plot among households' electricity, gas, and gasoline consumption in Figure 2 . No significant correlations are observed. It was the same even when we used variables such as consumption divided by income and household size. One of the reasons is that households do not consider the interaction of these consumption habits, as the share of energy expenditure is less than 10% of the total household expenditure. Scatter plot of consumption of electricity, gas, and gasoline. Note: colour is differentiated by HH size.
Therefore, there is no need to estimate regression equations that consider correlation in consumption of these energy sources.
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Price, income, and population density elasticities
A kinked relationship is observed between usage of types of energy and equivalent income at around 12.2 of log (equivalent income) when the additive model is estimated (Figure 3 ). Income elasticity is significantly different between high and low-income groups. Therefore, I divided them into two samples, with a distinction of equivalent income of ¥220,000/month. Table 6 shows estimation results of regression models that are classified by formulation and income level. In addition, for gasoline consumption, the regression model is estimated with and without the number of owned cars. Depending on the presence or absence of the coefficient constraints on income and price, coefficients are vastly different. The coefficient of determination is not high, but I believe the model that represents the tendency of the head of household's age, household size, and housing type can be estimated. For example, electricity consumption will increase about 0.23-0.3% with a 1% increase in floor area. 
Discussion
Price elasticity
Estimated price elasticity is shown in Figure 4 . The elasticity depends greatly on the income and the formulation regarding coefficient constraints; for low-income households, with less than ¥220,000/month of equivalent income, -0.26 to -0.83 for electricity, -0.41 to -0.85 for gas, and -0.35 to -0.61 for gasoline. On the other hand, for high equivalent income households, earning more than ¥220,000/month or more, the elasticity with regard to electricity, gas, and gasoline are -0.05 to -0.77, -0.19 to -0.73, and -0.12 to -0.65, respectively. The models which show smaller elasticity (close to zero), have a smaller AIC. The elasticity value of low-income households is higher than that of high-income households, with the ratio being nearly five times for electricity. Also, when we add the number of owned cars as an explanatory variable, elasticities of electricity and gas do not change, but it changes greatly for gasoline. When we omit the variable, it shows us long-term effects, with price elasticity becoming higher than that obtained from the model with the variable included. 
Income elasticity
I show the estimated income elasticity in Figure 5 . Income elasticity results were obtained within a range of 0.26 (electricity) to 0.61 (gasoline) for low-income households and 0.00 to 0.19 (gas) for the high-income households. The higher the equivalent income becomes, the smaller the income elasticity becomes. The estimated income elasticity with regard to gas is smaller than that observed in previous studies. 
Population density elasticity
Population density elasticity is shown in Figure 6 . While an elasticity from -0.12 to -0.16 was obtained for gasoline, similar to previous studies, positive values from 0.03 to 0.08 were obtained for electricity and gas. It may be possible that the more densely populated areas have more gas appliances, and this affects the value. 
HH size
Energy consumption becomes larger with an increase in HH size. However, the rate of increase is not proportional to HH size. For electricity and gas, consumption doubles when HH size changes from one to seven, if other variables remain constant. In other words, an increase in one-person households increases the energy consumption.
Age of HH head
The age of HH head is represented as a cubic function in low-income households for electricity; low at the age of 27, with a peak at 64 or 65 years of age. Gas consumption is not substantially affected, and tends to increase slightly with the age of HH head. The peak of gasoline consumption are estimated at 22 years of age in low-income households, and 33 years of age in high-income households.
Equity issue on energy tax
As mentioned above, price elasticity differs greatly by income level. Here, I estimated the impact of a 10% increase in the price of each energy source as an environmental tax on consumption and tax revenue, using a smaller value of estimated elasticities. From the view point of CO 2 reduction, gasoline is best, but from the viewpoint of tax revenue generation, electricity is the best because of smaller price elasticity. Low-income households, which account for 76% of total number of households, make up for 88% of the reduction in electricity, 93% for gas, and 86% for gasoline. Mechanisms such as a reduction in tax for low-income households should be introduced to ensure fairness.
Conclusion
In this paper, I analysed the relationship between households' consumption of electricity, gas, and gasoline using data from the National Survey of Family Income and Expenditure of Japan. Then considering households characteristics, price, income and population density, elasticities of these energy demands are estimated based on regression analysis. As a result, the following three conclusions are obtained: (1) correlation among households' consumption of electricity, gas, and gasoline was low, (2) price and income elasticities are differentiated by equivalent income level. Price and income elasticities of low-income households were smaller than those of high-income households. (3) On population density, elasticity of gasoline is negative but those of electricity and gas are positive.
Challenges for the future are as follows: ・Consideration of non-car households; ・Assumption of basic rates; ・Seasonal, monthly and hourly variations of energy consumption.
